To study the combined effects of controlled water and nitrogen supplies on growth and yield of spring wheat (Triticum aestivum L.), plants were grown in a controlled environment chamber during the entire growth period.
INTRODUCTION
Both water and nitrogen stresses have strong and direct effects on growth and yield of plants because they directly affect net carbon assimilation. While physiological responses of plants to either water or nitrogen stress have been extensively investigated, the interactions of these two stresses under controlled conditions on the growth responses of wheat have received relatively little attention (Bennett et al., 1986; Wolfe et al., 1988; Heitholt et al., 1991) . Many data on water and/or nitrogen stresses on growth and yield of wheat were obtained under field conditions, where many other uncontrolled factors affected the individual experiments. Further water stress in all of the studies was imposed by irrigating the soil and observing the plant reaction to an ever diminishing supply of residual soil water, where difficult to maintain the level of water stress.
A system which is capable of imposing a range of controlled water stress levels to growing plants was developed by Snow and Tingey (1985) , to improve accuracy and repeatability of treatment levels in plant water stress experiments. Their system imposed controlled water deficits to root zones by adjusting the height between the root system and a water table, which changed the path length in a floral foam column through which the plant water supply must Nitrogen stress in the field is often associated with water stress in natural environments, and is a function of both the nitrogen concentration in the soil solution (Mengel and Kirkby, 1987) and the rate of water uptake by the plants (Nicolas et al., 1985) . Therefore, it seemed to us that the system of Snow and Tingey (1985) could be used to quantitatively control both water and nitrogen stresses simultaneously.
The objective of this experiment was to study the combined effects of controlled water and nitrogen supplies on the growth and yield of spring wheat by using the system above mentioned.
MATERIALS AND METHODS
As shown in Fig. 1 , we used a moisture control system (Wookey et al., 1991) which was modification of the system developed by Snow and Tingey (1985) .
The floral foam column consisted of four 10 cm diameter by 8 cm long cylinders of floral foam (Smithers-Oasis, OH, USA), placed to end to end inside a holder. The holder for the floral foam column was a section of commercial polyvinylchloride (PVC) pipe, 11.0 cm inside diameter and 35 cm long, cemented at the base to a 1 cm thick PVC plate. The rooting medium was contained in a 10.7 cm outside diameter, 15 cm long piece of PVC pipe (1250 mL, by volume). A 20pm mesh nylon cloth was draped over the top of a foam cylinder and the top of the cylinder was inserted 1 cm into the bottom of the root medium holder. The nylon cloth permitted nutrient solution to pass readily into the rooting medium but prevented the roots from growing into the floral foam column. We referred to that unit (the rooting medium holder and the top of the floral foam cylinder, separated by the nylon cloth) as the plant sleeve. The floral foam holder was attached by tubing to a constant head nutrient reservoir, which supplied the nutrient solution to the plants and controlled the height of the water table in the floral foam columns. We did not obtain the water potential of rooting medium but the levels of leaf water potential must reflect the status of rooting medium.
The nutrient solution was a modified Long Ashton complete nutrient solution (Hewitt, 1966) NH (high nitrogen supply) ; 168 mg/L N. NM (medium nitrogen supply) ; 84 mg/L N. NL (low nitrogen supply) ; 28 mg/L N.
To maintain K and Ca concentrations in the NM and NL treatments, we used K2SO4 (2 mM for NM and 3.4 mM for NL) as the K source and CaCO3 (2 mM for NM and 3.4 mM for NL) as the Ca source to replace the K and Ca nitrate salts of the Long Ashton formulation.
Main stem tillers were tagged and labeled as they emerged from the leaf sheaths, using the nomenclature suggested by Klepper et al. (1982) . At maturity, plants were harvested and fertile tillers, plant height, ear length, fertile and sterile spikelets ear-1, kernels per fertile spikelet, kernel numbers, grain yield and straw yield were recorded, and the mean kernel weight and aerial biomass were calculated. The plants were then separated into shoots (straw + panicle) and roots, and the dry weights were measured after oven-drying for 48 h at 75°C. The nitrogen content of flag leaf blades was determined using an Auto-Analyzer (Alpken Co., OR, USA). The leaf water potential (LWP) was measured on the 2nd youngest main stem leaf on each plant, every 7 d from 10 to 38 d after the initiation of treatment (DAIT), using a multiple chamber thermocouple psychrometer (Decagon Devices, Inc., WA, USA). Water stress increased gradually with DAIT, as the plants grew and transpiration increased (Fig. 2) . The LWP decreased as both water and nitrogen stresses increased, which agreed with many research reports (Snow and Tingey, 1985; Davidson and Chevalier, 1987; Wolfe et al., 1988; Heitholt et al., 1991; Wookey et al., 1991) . Some studies showed an increased drought resistance in low-N plants under severe water stress (Bennett et al., 1986; Wolfe et al., 1988; Heitholt et al., 1991 observed in high-N plants (Bennett et al., 1986) . In those experiments, water stress was imposed by irrigation and sustaining residual soil water content. But in our experiment, drought resistance of low-N plants was not improved under low-water supply. No plants showed any visible wilting of leaves. In our experiment, plants were exposed to water stress from the beginning of the treatment, and so plants might have different LWP among the treatments immediately after the treatment began. The response of tillering to water and nitrogen supplies is shown in Fig. 3 . A rapid tillering was found in WHNH, WHNM and WMNH. In the WHNH treatment, tillers continued to increase until 42 DAIT and reached a maximum of 52.0 tillers plant-1. The maximum numbers in WHNM and WMNH were 29.2 and 24.3 tillers plant-1 and occurred until 38 DAIT . Plants under severe water and nitrogen stress (WLNL) initiated few tillers and only two tillers plant-1 survived. The interaction of water and nitrogen levels on tiller initiation and survival was highly significant (Fig. 3, Table 3 ).
In the low water treatments, nitrogen had only a small effect on the initiation and survival of tillers. However, as the water supply increased, the effect of nitrogen on the initiation and survival of tillers increased. For example, maximum tiller numbers were 52.0, 29.2 and 9.0 at WHNH, WHNM and WHNL, respectively, while those of WLNH, WLNM and WLNL were 13.8, 8.0 and 5.1, respectively (Fig. 3) . Roy and Gallagher (1985) , and Longnecker et al. (1993) also found that, under water or nitrogen stress, few tillers were initiated and only a few of those initiated survived to maturity.
Water and nitrogen levels also affected both the tillering duration and the day to maturity (Fig. 3) . The DAIT of maximum tillering and maturity were 42 and 72 at WHNH. With decrease in water or nitrogen supply, the DAIT of maximum tillering and maturity decreased. In the WLNL treatment, the maximum tillering and maturity dates were 27 and 62, respectively. Because WLNL plants formed less than 10 tillers and later-formed main stem tillers (after T4) did not appear, those plants had short DAIT of maximum tillering and maturity. The shorter duration of tiller production in nitrogen stressed wheat was also reported by Roy and Gallagher (1985) . Accelerated maturity of wheat was reported by Baker et al. (1986) under severe drought, and by Halse et al. (1969) under severe nitrogen deficiency. Non-stressed plants (WHNH) continued to form main tillers until T7 and produced numerous subtillers. Therefore, the DAIT to maximum tillering and maturity increased. Water and nitrogen stresses affected the leaf emergence rate, and caused an increase in phyllochron values (Table 1) . Krenzer et al. (1991) found an increased phyllochron value in water-stressed wheat. Decreased rates of leaf emergence under N deficiency was observed by Longnecker et al. (1993) . Our study also showed the increased significant phyllochron under stress. However, heading of the main stem occurred at almost the same DAIT in all treatments, because developmental delay was compensated by a decreased number of leaves on the main stem in stressed plants. Table 2 shows the plant growth and leaf N content. In our experiment, the plant height was affected only by water, but not affected significantly by nitrogen stress. Shoot and root dry weights were significantly lower under both nitrogen and water stresses. They were affected strongly by tiller numbers (Fig. 3) . The root/shoot ratio increased under water and Within columns, values followed by different letters are significantly different at p<0.05. * , ** Significant at the 0.05, and 0.01 probability levels, respectively.
NS: Not significant. nitrogen stresses, corresponding to more dry weight decrease in shoots than that in roots. Leaf nitrogen contents were lower in low-N plants compared with medium-and high-N plants under the same water supply. Water-stressed plants also had lower leaf nitrogen contents under the same nitrogen supply, supporting the argument (Nicolas et al., 1985) that nitrogen uptake is dependent on transpiration. Table 2 suggests that nitrogen effects on plant growth responses are suppressed under severe water stress. Parameswaran et al. (1981) , Chevalier (1987), and Longnecker et al. (1993) showed that both water and nitrogen stresses affected tiller numbers plant-1, but the interaction between the two stresses was not clear in their experiments. Parameswaran et al. (1981) also found a similar significant interaction between the effects of water and nitrogen treatments on grain yield. In the present experiment, when nitrogen supply was sufficient, grain yield increased with an increase in water supply, reflected by an increase in fertile tillers. However, the harvest index was not affected by either stress.
The yield components are shown in In field studies, Frank and Bauer (1984) , and Parameswaran et al. (1984) reported that water and nitrogen stresses decreased tillers m-2. Parameswaran et al. (1981) found that there was no interaction between water and nitrogen supplies on yield components. Campbell et (1977) found that the interaction of water and nitrogen was significant on kernels plant-1. Thus, there are conflicting views among studies of the effect of water and nitrogen supplies on yield. There were highly significant correlations between yield and tillers plant-1, ear length, kernels plant-1, spikelets ear-1, fertile spikelets ear-1, kernels ear-1 and kernels per fertile spikelet in this study (Table 5 ). This suggests that the compensation among yield components is likely to have only small impact on yield in wheat. Our study was done on individual plants so that the population density was not a factor in the result. Also, our study was done in a carefully controlled environment. In field studies, other factors affect yield. Often these factors are not recognized and, therefore, are not taken into account in the data analysis. In our experiment, the nitrogen and water stresses were constant and were imposed at the seedling stage and maintained until maturity. Under these conditions, it was obvious that tillering was highly sensitive to both water and nitrogen stresses. If either stress is severe, then few tillers are produced and there is little opportunity for any significant compensation among yield components to reverse the effects of stress on the tillering process.
Our study showed that, at the individual plant level, the impact of water and nitrogen stresses on growth and yield was reflected primarily by the strong response of tillering.
